Particle image velocimetry measurements and simultaneous force measurements have been performed on the DelFly II flapping-wing MAV, to investigate the flow-field behavior and the aerodynamic forces generated. For flapping wing motion it is expected that both the clap and peel mechanism and the occurrence of a leading edge vortex during the translational phase play an important role in unsteady lift generation. Furthermore, the flexibility of the wing foil is also considered of primary relevance. The PIV analysis shows a strong influx between the wings during the peel but no downward expelling jet during the clap. The force measurements reveal that the peel, oppositely to the clap, contributes significantly to the lift. The PIV visualization suggests the occurrence of a leading edge vortex during the first half of the in-and outstroke, which is supported by a simultaneous augmentation in lift. The early generation of a leading edge vortex during the flex cannot be assessed from the PIV images due to optical obstruction, but is likely to appear since the wing flexing is accompanied with a large increase in lift. Nomenclature R = wing semispan ζ = deviation angle θ = camera view angle τ = non-dimensional time φ = stroke angle ψ = dihedral angle
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I. Introduction
HE development of micro aerial vehicles (MAV) is motivated by the need for autonomous unmanned aerial vehicles to observe barely accessible areas, such as disaster or war areas, wildlife reserves, high constructions etc. Such missions require a small and highly manoeuvrable airplane as a stable camera platform, operating at low flight speed and with the possibility of short landing and take-off 1 . In contrast to the usual fixed wings, rotary wings generate both lift and thrust resulting in a high manoeuvrability and low flight velocity. However the complexity of the construction, the marginal stability and the low efficiency limit the utilization of helicopters for the applications considered above. A solution to this problem is believed to be found in nature. Flapping wings, as used by birds and insects, generate lift and thrust and subsequently introduce a favourable manoeuvrability and wide flight envelope. A stable and fully controllable vehicle can be achieved with a relatively simple drive mechanism that offers the potential of miniaturization.
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Insect flight has been a source of inspiration during the development of a series of flapping wing MAVs at Delft University of Technology † † . In the design synthesis favourable concepts of biological flight were combined and adapted to meet the requirements for a stable and versatile camera platform. The result is a MAV with flexible flapping wings in biplane configuration ( fig. 1 ). This particular configuration leads to an exceptional flight envelope. DelFly II, the particular MAV development under consideration in this study, is not only capable to fly with a forward speed of 7 m/s and to hover, it can even fly backwards with a speed up to 1 m/s.
Compared to steady airfoils, flapping wings are able to generate high lift coefficients due to unsteady aerodynamic phenomena. The lift enhancement has been attributed to specific fluid structures that occur during translational and rotational motion, notably the leading edge vortex and the clap-and fling-mechanism. Ellington 3 describes the leading edge vortex as a separation bubble, appearing on sharp leading edges accelerating at high angles of attack, which adds circulation to the wings bound vortex and thus increases lift. Weis-Fogh 4 introduces the fling mechanism as two wings, which were initially pressed together, rotating around the trailing edge and separating. He states that two fluid dynamic effects are responsible for enhanced circulation: 1) the air is drawn in the low pressure region in the opening gap; 2) the proximity of the other wing with equal and opposite bound circulation inhibits the generation of a starting vortex. Anterior to the fling, the wings first clap together. Weis-Fogh 4 argues that this clap mechanism produces a momentum jet augmenting lift.
How these mechanisms manifest in reality has been the topic of experimental studies on a broad range of animal species. The results of research on the hawkmoth [5] [6] , which operates in a Reynolds range corresponding to DelFly II, are especially interesting in the scope of this study. The appearance of a leading edge vortex has been confirmed on tethered and modelled hawkmoth wings by Willmott 5 and van den Berg 6 respectively. Examples of insects using clap and fling as lift enhancement mechanism typically operate in a lower Reynolds range. On a dynamically scaled robotic model of a fruit fly, Lehmann 7 recently investigated lift enhancement due to the fling mechanism. The clap mechanism was found to attenuate lift force. On the same model, Poelma 8 demonstrated the existence of leading and trailing edge vortices for a single wing. Experimental studies on insects are hampered by the small scales and high frequencies, whereas studies on scaled robotic models are limited to simplified simulations of the complex wing kinematics and deformations. The effect of wing kinematics and flexibility on the aerodynamic forces generated cannot be denied, as has amongst others experimentally been demonstrated by Dickinson 9 and Mountcastle 10 respectively. Since DelFly II differs from typical insects and birds in wing configuration, flapping frequency and wing size, only a restricted similarity in flow-field behavior can be expected. The effects of complex wing kinematics, three-dimensional flow and fluid-structure interaction as a result of high wing flexibility are inseparably linked in the fluid dynamics behavior of DelFly II.
In this study a full-scale and non-simplified model of a flapping wing micro aerial vehicle with proven flight performance, DelFly II, is investigated. The flow field around the wings was analyzed by particle image velocimetry (PIV) while simultaneous force measurements indicate the contribution of visualized flow structures to the lift generation. For the specific type of wing motion it is expected that both the clap and fling mechanism and the occurrence of a leading edge vortex at wing rotation play a lift-enhancing role.
The data obtained in this study will be evaluated with the objective to contribute to understanding and subsequent improvement of the aerodynamic characteristics of DelFly II. The technological challenge in MAV development is to decrease the size, keeping the flight performance constant. A better understanding of the aerodynamics is necessary as a guideline to further development of DelFly.
II. Experimental Method
In section A, the wing configuration of the flapping-wing MAV DelFly II and the integration of the model in the experimental set-up will be presented. The experimental arrangement and procedure used to visualize the flow field and to measure the aerodynamic forces are described in section B.
A. DelFly II wing model
DelFly is equipped with two sets of flapping wings in a biplane configuration ( fig. 2 ). The wings are positioned symmetrically with respect to the fuselage plane at a dihedral angle ψ of 12º ( fig. 3 ). American Institute of Aeronautics and Astronautics
The wing semispan from root to tip is 14 cm and the mean chord length is 7.3 cm. The flapping motion is controlled by a crank-shaft mechanism moving the leading edges, hinged in one point, in a single plane. The maximal stroke angle φ is 48°.
The leading edges, constructed from D-shaped carbon extrusions of 0.7 mm diameter, are relatively stiff in comparison to the extremely flexible wing surface, which is constructed of a 5 μm tick Mylar foil stiffened with carbon bars of 0.28 mm diameter.
Regarding the wings stroke as an actuator disc of 0.03 m 2 the flow velocity in chord wise direction has been defined as half the ratio of the generated force and the mass flux, corresponding to the actuator disc theory. This induced velocity of 1.5 m/s was selected as the characteristic velocity. The Reynolds number based on the mean chord length and the induced velocity is 7380.
B. Experimental arrangement
The fluid velocity was measured using stereoscopic PIV. The measurement plane was oriented parallel to the chord and perpendicular to the dihedral line ( fig. 3 ).
Experiments were performed on full scale DelFly II-wings. To simulate the hovering flight modus ( fig.1 ) the wings were positioned vertically in a large cubic test volume of 3×3×3 m 3 wherein the surrounding flow was stationary. The mean wing beat frequency was selected as 13 Hz, which resembles a typical flapping frequency necessary to sustain hovering flight.
A water-based fog of droplets with 1 μm mean diameter was introduced in the test volume by a Safex fog generator. The test section was filled with seeding until a sufficient concentration level was reached, which was checked by online PIV particle recordings.
The tracer particles were illuminated by a Quantronix Darwin Duo dual oscillator, single head Nd:YLF laser, with 200 ns pulse duration at 527 nm wavelength. The light sheet thickness was 2 mm. Measurements were taken at 200 μs pulse separation time. The images were recorded by two Lavision Highspeedstar CMOS cameras with 1024×1024 pixels of size 20 μm, equipped with 35 mm lenses mounted on Scheimpflug adaptors using an f-number of 2.8. Both cameras were placed at an angle θ of 27º with respect to the dihedral line. A field of view of 20 cm × 20 cm was recorded with a magnification of approximately 0.1. The digital resolution was 5 pixels/mm. Synchronization between the laser and the cameras was achieved by the Lavision Controller operated through Davis 7.3 software.
The PIV system and the flapping-wing device were synchronized to trigger measurement at specific wing positions. The triggering was done by the PC controlling the wing motion using C++-based software. Tracking of the motor pulses allowed the wing location and the force measurement to be correlated. The vertical force was measured at a sampling rate of 1 kHz by a strain-gauge balance with two Wheatstone bridges. Miniature sensors Q70x5x9-H with a capacity of 20 g were used. Using a Picas V2.6.1 Multi-channel amplifier system the range was set from +40 g to -40 g.
At a recording rate of 1 kHz time resolved PIV experiments were performed. Series of 500 image pairs were recorded at 4 different spanwise locations: 0.25, 0.50, 0.75 and 1.00 R. The maximal spanwise deviation of the measurement plane is 38% of the span at maximal flap angle due to the rotation of the wing with respect to the flat laser sheet.
PIV stereo calibration 12 , image acquisition and post-processing were carried out using Davis 7.3 software. The effect of background reflections was reduced by subtracting the minimum intensity calculated over a range of at least 6 raw images. Velocity vectors were calculated by a multi-pass FFT-based cross-correlation with a local window size of 16×16 pixels and an overlap factor of 50 %. A field of 128×128 vectors with a vector grid spacing of 1.5 mm was acquired. Spurious vectors were sorted out using a Median test 13 and replaced using interpolation. The -method 14 has been applied for vortex identification.
III. Results
The wing motion and deformation, as derived from visual inspection of the raw particle images, are shown and discussed in section A. Linking the measured forces to the wing attitude, the flap phases attributing to the lift enhancement are distinguished in section B. The aerodynamic mechanisms underlying the lift enhancement and attenuation are investigated in an analysis of the PIV results in section C.
A. Observation of the wing motion and deformation
With the high speed camera operating at 1 kHz a time resolved series of images was recorded of the wings flapping at a frequency of 13 Hz. Observation of a wing section at ¾ span is discussed in this section. By analyzing the raw pictures, the position and the shape of the wing section in the measurement plane could be traced. The deformation of the wing camber and the heaving motion of the leading edges due to the high flexibility under aerodynamic and inertial loading are revealed. In fig. 4 , different stages of the cycle are represented by the non-dimensional time τ, the time instant divided by the cycle period. The in-and outstroke are shown in the upper and lower part of the figure, respectively. Starting from the instant that the leading edge spars are closest together, the leading edge spars move apart at increasing velocity. The wing foil peels apart under high deformation, while the point of contact moves along the wing towards the trailing edges. At the end of this phase (label A), the trailing edges separate and the wings continue moving outward at a more constant speed and angle of attack (label B). At the maximum wing stroke amplitude the leading edge spars decelerate (label C) and reverse direction while the trailing edges temporarily stay stationary: the wing flexes (label D). When the leading edge accelerates the foil unflexes. Under this condition the wing section moves inwards (label E). Upon approaching each other, the leading edge spars decelerate causing the camber to decrease and the wing foils to clap together (label F). Instead of rigidly clapping the wings together, the clap is more akin to a reverse peel. Already before the clap has been completed the leading edges start separating again, pulling the wing surfaces apart.
As to the vertical motion of the leading edge, it is observed that during the acceleration in the beginning of the translational stroke, the wing foil pulls tight and the leading edge is pulled downwards (label A and D) . At the end of the stroke, tension is released and the leading edge moves back towards its original position (label C and F). The resulting wing tip trajectory with respect to the body is an elongated figure eight-shape. Thanks to the upward motion of the leading edge during clap, the foil is pulled tight during the rotation. The downward leading edge motion during peel might reinforce the leading edge vortex generation by increasing the velocity of the fluid moving into the opening gap 15 . The corresponding deviation angle ζ ranges from -5º to 1º.
The images clearly reveal the strong deformation of the flexible wing foil and leading edge. The wing camber, deviation angle and angle of attack are introduced solely by passive deformation under the influence of elastic, inertial and aerodynamic forces. The wing attitude is expected to have large influence on the force generation.
Simultaneous with the recoring of the images, the upward force exerted by the flapping wings was measured using a strain-gauge balance. These measurements will be discussed in the next section.
B. Force measurements related to wing motion
The force variation with respect to the non-dimensional time are shown in fig. 5 , along with the labels A to F corresponding to the red wing sections in fig. 4 . The error bars indicate the standard deviation of the force measurements over the complete measurement run (at least 6 cycles). The mean force over one cycle attains 0.21 N, which is largely sufficient to lift a DelFly II typically weighting 17 grams. The maximal force amounts to 0.69 N while the second peak value of 0.56 N is 17% lower.
During the peel phase a strong increase in force is established with a peak value occurring in the first half of the outstroke, after the trailing edges have separated (label A). At the start of the isolated rotation (label C) the force drops to negative values and reaches a minimum when the wing flexes. In the first part of the fig. 4 American Institute of Aeronautics and Astronautics instroke, after the foil has unflexed at the end of the isolated rotation (label D), a second peak force appears. A gradual decrease in lift during the second half of the instroke (label E) ends in a second negative peak when the leading edge spars reverse direction at the neutral position (label F). Considering this specific type of wing motion and the striking force fluctuations it is expected that the peel mechanism and the occurrence of a leading edge vortex during translation contribute to the lift generation. The reasons for the recession in lift at the end of the outstroke and during the clap are unclear but could be explained by the elastic reaction of the tip of the leading edge moving upwards.
C. Fluid dynamics related to force generation
PIV measurements were performed at various phases of the flapping cycle, whereat the force measurements labeled in fig. 5 were performed and the wings were positioned as indicated by the red-colored sections in fig. 4 . Figure 6 shows the in-plane velocity component of the 3D vector field of the PIV measurements at these time instants, at ¾ spanwise position. Figures 7 to 9 show the spanwise variation for selected time instants. The color-contours indicate the magnitude of the vertical velocity component, to assist The first situation, represented in fig. 6A , corresponds to the moment when the trailing edges separate at the end of the peel. Around the leading edges a swirl of air into the gap, identified as leading edge vortices, can be clearly distinguished. This outstroke leading edge vortex is indicated in fig. 6 with OLV (prefixes O and I are used to distinguish flow features created during outstroke and instroke, respectively). The OLV, developed early due to the peel, originates later and increases in size and strength from the wing root to the tip ( fig. 7) . The higher leading edge acceleration near the wing tips supposedly is favorable for the generation of an OLV. The OLV grows in time, which concurs with Ellington"s 15 analysis of the peel mechanism. Accordingly the lift force increases steadily in the first half of the outstroke.
When the point of contact between the two wings reaches the trailing edges the end of the clap phase is reached. A vortex is visible near both trailing edges ( fig. 6A ). These vortices are in the opposite direction of the expected stopping vortex. Most probably the air expelled by the clap rolls up into a jet vortex (JV). Whether the stopping vortices are eliminated by the presence of the mirror wing or counteracted by the jet vortices rests unknown. Since the jet vortices are in the same direction as the bound circulation of the subsequent stroke, they do not hinder the buildup of circulation according to the Wagner effect 16 . The high peak value in lift force attained at the end of the peel phase ( fig. 5) indicates that the peel mechanism is very effective in lift generation. The jet vortices are found in the downwash induced by the clap motion and consequently travel relatively fast into the wake.
During the first half of the outstroke, an influx of flow from above the wings fills the complete opening formed between the separating wings ( fig. 6B ) while the outstroke leading edge vortex decreases in size and strength. The inrush of air into the opening gap is stronger and lasts longer near the wing root compared to the situation at ¾ wingspan.
After the trailing edges have separated, a starting vortex (OSV) is shed from both trailing edges ( fig. 6B ). The trailing edges separate along the complete span with some time delay starting from the tip and the start vortices shed increases in size from root to tip. Whether the leading edge vortex is still present cannot be In the subsequent part of the translational stroke the wings continue moving outward at a more constant velocity and angle of attack. The lift decreases considerably and reaches negative values before rotation at the maximal stroke angle. The drop in lift is supposedly attributed to the diminishing downwash, the reaction force on the abrupt upward motion of the leading edges ( fig. 4 ) and the starting vortex travelling slowly into the wake and counteracting the buildup of bound circulation ( fig. 6C ).
At the end of the outstroke the leading edges slow down and the angles of attack increase until the wings are positioned almost vertically. Subsequently the wing flexes: the upper part of the wings rotate, while the trailing edges stay almost stationary ( fig. 6C-D) . Opposite to the theory of the flex mechanism 15 , the formation of a leading edge vortex cannot be inferred from the PIV results at none of the spanwise locations ( fig. 8) . The PIV measurement in the region where the vortex is supposed to appear is obstructed by the shadow from the leading edge spar and the reflections on the wing foil. However, the lift force steadily increases and therefore the leading edge vortex is suspected to exist.
Since no stopping vortex is shed continued circulation is thought to contribute to the lift force. Also the downwash of air between the inner half of the wings ( fig. 8) , persistently contributes to the lift force in addition to the reaction force on the downward motion of the leading edges.
Subsequently the leading edges accelerate towards the neutral position, the wing foils unflex and the angle of attack is highest ( fig. 6E ). These conditions correspond to the conditions necessary for the generation of a separation bubble as described by Ellington 3 . On this moment the instroke leading edge vortex (ILV) can first be distinguished on the PIV images at ¾ span. A combined start and stop vortex, shed at the trailing edge (ISV), decreases in size and strength from root to tip ( fig. 9) .
The wings continue moving to the neutral position at a more constant speed and angle of attack during the subsequent translational phase. The leading edge vortex (ILV) seems to increases in size from root to tip. In the initial phase of the clap, the leading edges come together and the angle of attack increases until the wings are positioned almost parallel to each other ( fig. 6F) . Near the root, where the foil is more rigidly attached, the clap does produce a downward expelling jet ( fig. 9) . In contrary to Weis-Fogh"s 2 suggestion, no expelling downward jet could be observed during the clap at ¾ span. This is attributed to the high flexibility of the wing foil.
Oppositely air is being expelled upwards from the clapping leading edges, contributing negatively to the lift force and the leading edges flex upwards inducing a negative reaction force. The upward expelling jet above the leading edges has similar strength along the span ( fig. 9 ). The force generated by the downward jet seemingly is insufficient to overcome the negative contribution of the upward jet and the reaction force to the upward motion of the leading edges ( fig. 5 ) since the lift force attains a second minimum.
The starting vortex slowly moves downstream into the wake. In fig 6A and 6B , the instroke starting vortex of the previous cycle is indicated with square brackets. Already before the clap has been completed, the leading edges start separating again, the wings curve toward the opposite side and the surfaces peel apart.
IV. Conclusions
PIV velocity measurements and simultaneous force measurements were performed on the DelFly II flapping-wing MAV, to investigate the flow-field behavior and the aerodynamic force generated.
The high flexibility causes the wings to peel and flex during the rotation at the minimal and maximal amplitude respectively and the leading edges to make a heaving motion. This passive wing deformation largely influences the flow field behavior.
The wings start peeling apart before the clap has been completed. For the peel phase, the PIV analysis shows a strong influx between the wings and a conical vortex structure above the leading edges. This peel mechanism contributes significantly to the lift, as revealed by the force measurements.
At the end of the clap, the presence of a mirror wing causes the air to be expelled downwards and to roll up into vortices of the same direction as the bound vorticity of the subsequent stroke. The jet generated by the clap is stronger on the inner half of the wings, but exceptionally weak on the outer half. This is attributed to The occurrence of a leading edge vortex during the flex cannot be assessed from the PIV images due to optical obstruction, but is likely to appear since the wing flexing is accompanied with a large increase in lift. An additional augmentation in lift could also be attained by the delayed shedding of a combined starting and stopping vortex. Although this flap phase is accompanied by an increased lift, it does not contribute to the total lift as much as the peel mechanism. The PIV visualization first suggests the occurrence of a leading edge vortex at the onset of the subsequent translational stroke.
The results of this study reveal that the most important augmentation in lift generation is due to the peel motion in the current wing configuration of DelFly II. Another significant contribution might be the combined vortex shedding and leading edge vortex strengthening at isolated wing rotation.
Based on the present findings it is expected that the lift generation could be further enhanced by avoiding the upward expelling air between the leading edges near minimal stroke angle, by extending the momentum jet during the clap along the complete span and by reducing the strength of the starting vortex shed at the onset of the outward translation. An increase in the rotational speed or rigidity of the wings could bring these effects. Future research is recommended to focus on the influence of wing properties and kinematic parameters of the wing motion during the current least effective flapping phase: the clap.
In the design of further experimental campaigns, attention should be paid to improve the robustness of the wing model to attain a higher repeatability of the measurements. A better repeatability would bring a solution to the high background reflectivity by preprocessing the image with minimum subtraction. It would also offer the opportunity to reconstruct a three dimensional flow structure from separate multi-plane measurements.
